BACKGROUND: Spontaneous movement abnormalities, occurring independent of medication status, are thought to reflect basal ganglia pathology in patients at ultrahigh risk (UHR) for psychosis. To date, the research literature has primarily focused on movements associated with elevated striatal dopamine (i.e., hyperkinesia) while little is known about motor symptoms associated with low levels of subcortical dopamine (i.e., spontaneous parkinsonisms; SPs). As SPs (e.g., bradykinesia) may be governed by distinct neural mechanisms, this line of research can provide a clearer picture of the etiological processes in the prodrome. AIMS: To examine SPs and striatal structural correlates in youth at risk for psychosis. METHODS: A total of 81 (35 UHR, 46 healthy controls) adolescents were administered a structured clinical interview, structural MRI scan, and handwriting kinematic analysis capable of assessing SPs that are not detectable by traditional observer-based inventories. RESULTS: The UHR group exhibited significant decreased velocity scaling (indicative of SPs), t(79) = − 2.65, P ⩽ 0.01, as well as decreased ipsilateral t(68) = − 3.16, P ⩽ 0.001 and contralateral t(68) = − 3.32, P ⩽ 0.001 putamen volume compared with the healthy control group. Further, decreased velocity scaling was significantly associated with smaller ipsilateral putamen r(68) = 0.23, P ⩽ 0.05, 95% confidence interval (CI) (−0.005, 0.44), left r(68) = 0.23, P ⩽ 0.05, 95% CI (−0.005, 0.44) and right r(68) = 0.21, P ⩽ 0.05, 95% CI (−0.03, 0.42) caudate volume, as well as increased positive r(79) = − 0.20, P = 0.05, 95% CI (−0.40, − 0.02) and negative r(79) = − 0.27, P ⩽ 0.05, 95% CI (−0.46, − 0.06) symptoms across the sample. CONCLUSIONS: These findings represent the first evidence for hypokinetic movement abnormalities in the UHR period, indicating that pathophysiological processes in UHR patients may also involve hypodopaminergia. The results implicate a dopamine-induced imbalance contributing to frontal-subcortical circuit dysfunction in the psychosis prodrome.
INTRODUCTION
Current etiological theories suggest that early vulnerabilities interact with later neurodevelopmental abnormalities and environmental stressors (e.g., drug use, interpersonal stress) during adolescence, eventually leading to the development of psychosis. 1 One such early marker of neurodevelopmental abnormalities, motor impairment, precedes the onset of psychosis, 2,3 and may yield novel biomarkers and also significantly inform etiological conceptions of psychosis.
The period preceding the onset of psychosis is marked by attenuated psychotic symptoms in both positive and negative domains and a decline in functioning. 4 During this period, individuals at ultrahigh risk (UHR) for psychosis show gray matter abnormalities related to striatal motor regions. 5 Investigating neural structures and related motor behavior poses an opportunity to understand the biological mechanisms and a potentially clearer view of core features of the disorder because many of the third variable confounds in studies of patients with psychosis (i.e., long term medication use, drug and alcohol abuse, chronic illness) are not as prevalent. Indeed, studying neuroleptic free individuals at risk for the disorder can be an important point of intervention because as many as 35% of individuals assessed as at risk will go on to develop psychosis within 2 years. 6 Spontaneous movement abnormalities (SMAs) have been observed in patients with psychosis in terms of dyskinesia (withering, jerking movements in the face and upper extremities), as well as those associated with Parkinson's disease such as bradykinesia (slowing of the velocity of movements). 7 Prospective and crosssectional studies suggest that dyskinesia are related to UHR symptoms, biological markers of risk for psychosis, and are predictive of future conversion to a psychotic disorder. 3, 5, [8] [9] [10] Archival and prospective studies have focused entirely on dyskinesia in UHR individuals because this motor symptom is thought to be related to the abnormally elevated dopamine (DA) processes that underlie the development of positive symptoms. However, a recent systematic review describes dyskinesia and spontaneous parkinsonisms (SPs) occurring at the onset of the illness, independent from medication, and may constitute a constellation of core movement abnormalities in psychosis. 7 Importantly, to our knowledge there have been no published investigations examining SPs during the UHR period. In patients with chronic schizophrenia, SPs are linked to a poorer prognosis for the illness, more severe SMAs due to medication, and increased time to remission. [11] [12] [13] [14] [15] Innovative etiological theories suggest that the DA theory of psychosis is more complex than previously conceived 16 -a DA imbalance involving both elevated as well as deficit DA states is likely involved 7,17,18 -and exploring SPs is a potentially valuable point of understanding the motor signs associated with hypodopaminergia.
There are drawbacks to using traditional observer-based methods of measuring SMAs (i.e, long training times to establish reliability) and investigators have suggested that these methods may provide underestimates of the prevalence of SMAs in patients with psychosis. 7, 11 Innovative developments in instrumental measures of movement using force transducers and portable 1 computerized tablets to capture handwriting samples have improved upon these drawbacks. 13 Previous studies using instrumental procedures to quantify SPs have used a measure called velocity scaling (VS), which is defined as the ability to increase movement velocity with increases in target distances. 14, 19 In healthy individuals, peak velocities nearly double for similar increases in distance, whereas in patients with drug-induced parkinsonism, peak velocities stay generally the same for increased distances. Lower values of VS are a proximal measure of bradykinesia and reflect a decreased ability to coordinate agonist and antagonist muscles during movement, resulting in slower movements. 13 This line of research is promising because the sensitivity of handwriting analysis may allow for the detection of subtle movement abnormalities that have not yet reached the severity seen in formal psychosis.
The striatum (i.e., caudate and putamen) is important in etiological conceptions of psychotic symptoms, as the structure represents the entry point for frontal-subcortical communication. More specifically, as cortico-striatal-pallido-thalamic-cortico circuits are thought to be responsible for mediating motor, affective, emotional, motivational, and cognitive behavior, 20,21 understanding dysfunction in these circuits may help to improve understanding of why psychotic disorders involve such a heterogeneous series of symptomatology. As SMAs provide an in-depth and readily observable marker of aberrant neural transmission within these frontal-subcortical circuits, 16, 22, 23 understanding the related motor behaviors holds significant promise for elucidating etiological processes and enhancing early identification. This is particularly relevant for UHR patients, who exhibit altered DA metabolic processes in the striatum, 22 dyskinetic movements, 10 and a wide range of positive and negative symptomatology, but have no known biomarker for hypodopaminergic states.
In this study, 81 (35 UHR, 46 controls) adolescent participants completed clinical interviews, a computerized handwriting task to determine if SPs are present, and structural magnetic resonance imaging (MRI) to assess any related symptom and striatal structure correlates. A proximal measure for bradykinesia, VS, was calculated by extracting kinematic measures of handwriting. We predicted that the UHR group would show a decreased ability to scale pen velocity, resulting in a lower value of VS than healthy controls. Second, we hypothesized that impaired VS would be related to elevated symptoms of risk for psychosis. Finally, on the basis of the literature suggesting that the putamen is a primary motor nucleus, 23 we predicted that the impaired VS would be associates with decreased volume in the putamen but not the caudate.
MATERIALS AND METHODS Participants
Adolescent UHR and healthy control participants (mean age = 18.57, s.d. = 2.36) were recruited at the University of Colorado Boulder's Adolescent Development and Preventive Treatment research program. Importantly, all of the participants were not currently taking antipsychotic medication during the handwriting task and MRI scan. The University of Colorado Boulder Institutional Review Board approved the protocol and informed consent procedures. See Supplementary Material 1 for recruitment and exclusion criteria of the participants.
Clinical interviews
The Structured Interview for Prodromal Syndromes was used to diagnose a prodromal syndrome and the Structured Clinical Interview for Axis-I DSM-IV Disorders 24 was administered to rule out a psychotic disorder diagnosis. See Supplementary Material 2 for additional clinical interview information.
Handwriting
Handwriting samples were obtained to compute a measure of VS. Lower values of VS, reflecting the slowing or inability to increase pen movement velocity across shorter and longer target distances, have been found in Parkinson's patients and schizophrenia patients treated with neuroleptic medication. 12 Handwriting samples for each participant were acquired using Neuroscript MoveAlyzer software (http://www.neuroscript.net) installed on a Fujitsu Lifebook T901 tablet computer with a non-inking pen. Participants were instructed to write eight loops continuously for three trials within a 2-4 cm vertical boundary with their dominant hand (see Figure 1 ). Handedness was determined using the Neurologic Evaluation Scale. 25 Each trial consisted of 16 vertical strokes, which were segmented and processed for target variables: peak vertical velocity and absolute size of stroke. Valid trials included at least 10 segments. Target variables were extracted from MoveAlyzer and imported into SPSS (Armonk, NY, USA); a measure of VS was calculated for each participant using the regression method developed by Caligiuri et al. 12 A regression with peak vertical velocity as the predicted variable was entered along with absolute size of the stroke (to account for variance of individual stroke sizes) and condition (2 and 4 cm) as covariates. A slope coefficient for condition was saved and used as the measure of VS in subsequent analyses.
Structural image processing
Structural MRI scans were acquired on a Siemens 3-Tesla Magnetom TIM Trio MRI scanner (Siemens AG, Munich, Germany) with a 12-channel head coil. See Supplementary Material 3 for the parameters used in the structural image processing. Striatal target structures, consisting of the left and right putamen and caudate, were segmented from the MPRAGE using the FreeSurfer suite of automated tools (see Figure 2 ). 26 FreeSurfer calculates values for each participant's total intracranial volume (whole-brain Figure 1 . An example trial of the handwriting stimuli. Strokes (red and blue lines) were segmented by MoveAlyzer. Kinematic variables for peak vertical velocity and size of stroke were extracted for all trials. 
Additional statistical analysis
Independent t-tests and chi-square tests were employed to examine the differences between groups in continuous and categorical demographic variables, respectively. On the basis of previous work showing that decreased VS occurs in patients with Parkinson's disease and schizophrenia patients following the treatment with neuroleptics, 12, 13, 15 as well as work showing that movement abnormalities are linked to decreased striatal volume in UHR individuals, 5 we used one-tailed independent t-tests to assess for group differences in VS and striatal regions of interest. Furthermore, one-tailed bivariate correlations were used to examine predicted relationships between lower VS and increased Structured Interview for Prodromal Syndromes symptom domains and striatal morphology. Correlations were first run with the entire sample and then in the UHR group alone.
RESULTS

Participants
There were no significant differences between groups on demographic characteristics including age t(78.94) = 1.43, education t(79) = 0.83, gender χ 2 (1, N = 81) = 1.33, parental education t(78) = 1.00, and handedness χ 2 (1, N = 81) = 0.17. As expected, UHR participants were rated significantly higher than controls on both Structured Interview for Prodromal Syndromes symptom domains positive t(40.01) = 14.47, P ⩽ 0.001 and negative t(34.78) = 8.16, P ⩽ 0.001 (see Table 1 for information about the participants).
Velocity scaling and relationship to symptoms
The UHR group showed a significantly lower VS than healthy controls, t(79) = − 2.65, P ⩽ 0.01 (see Table 1 ). Across the entire sample, lower VS was related to elevated positive symptoms r (79) = − 0.20, P = 0.05, 95% confidence interval (CI) (−0.40, − 0.02) and with more severe negative symptoms r(79) = − 0.27, P ⩽ 0.05, 95% CI (−0.46, − 0.06). Within the UHR group alone, there was not a relationship for VS with elevated positive symptoms r(33) = 0.12, P = 0.24, 95% CI (−0.22, 0.44); whereas in the predicted direction, the relationship of lower VS and more severe negative symptoms was not significant r(33) = − 0.12, P = 0.24, 95% CI (−0.44, 0.22).
Striatal volumes and relationship to velocity scaling
The total sample size available for the measurement of striatal volumes includes 70 participants (n = 33 UHR, 37 controls). The UHR group showed smaller ipsilateral (t(68) = − 3.16, P ⩽ 0.001) and contralateral (t(68) = − 3.32, P ⩽ 0.001) putamen volumes compared with the healthy controls. There were no group differences for either the left or right caudate (both P values ⩾ 0.3; see Table 2 ). Bivariate correlations showed that across the entire sample, lower VS was significantly associated with smaller ipsilateral putamen volume r(68) = 0.23, P ⩽ 0.05, 95% CI (−0.005, 0.44) and smaller contralateral putamen volume at trend level r (68) = 0.15, P = 0.1, 95% CI (−0.09, 0.37). Within the UHR group, there was no significant relationship with VS and ipsilateral or contralateral putamen (all P values ⩾ 0.2). Across the entire sample, smaller left r(68) = 0.23, P ⩽ 0.05, 95% CI (−0.005, 0.44) and right r(68) = 0.21, P ⩽ 0.05, 95% CI (−0.03, 0.42) caudate volumes were significantly related to lower VS. Within the UHR group, there was a trend level relationship with the left caudate volume and impaired VS r(31) = 0.28, P = 0.06, 95% CI (−0.07, 0.57) and a 
DISCUSSION
Main findings
The presenting findings, showing elevated SPs in UHR individuals, represent the first empirical evidence to suggest that hypodopaminergic function is also present in the psychosis prodrome. Given the related previous literature that has primarily focused on elevated striatal DA in this group, 3, 22 the present results add an important new perspective indicating that a DA imbalance model 13, 14, 17 may also be relevant for understanding pathogenic processes driving the UHR period. Significant associations between elevated SPs and both decreased striatal morphology and increased positive and negative symptomatology support the notion that hypokinetic movements are closely tied to the pathophysiology of psychosis. 7, 13, 27 Interpretation of findings in relationship to previously published work It is well known that individuals who later develop schizophrenia show subtle movement abnormalities before the onset of illness. 3, [28] [29] [30] Research using observer ratings show that movement abnormalities, closely linked to basal ganglia function, could successfully classify UHR individuals likely to convert to psychosis. 3 The findings that UHR individuals also show impaired VS is consistent with a review by Pappa and Dazzan 7 that found a sizeable prevalence of bradykinesia in neuroleptic naive firstepisode psychosis patients. Importantly, this is the second study to utilize MoveAlyzer in a UHR sample, suggesting that the software is capable of detecting more subtle or subthreshold movement abnormalities, including dyskinesia and SPs, in neuroleptic free UHR individuals. 31 Previous research has suggested that handwriting analysis can detect a higher proportion of movement abnormalities than standard observer-based ratings, 11 but medication side effects may confound analysis of movement abnormalities. 13, 14 Because the UHR individuals may not be experiencing abnormal neural processes or medication side effects to the extent of an individual with Parkinson's disease or chronic schizophrenia, instrumental measures are excellent for detecting more subtle SMAs.
The present study found overlap with lower VS and both positive and negative symptom domains. Previous work in schizophrenia patients has found differing relationships to psychopathology. Investigators have noted a possible link between SPs and negative symptoms; 32, 33 however, other researchers have not found a relationship between SPs and positive or negative symptoms in patients with psychosis. 27 The findings suggest that VS is related to both symptoms of risk for psychosis; however, the lack of a within-UHR-group relationship speaks to the complexity of looking at subtle movement abnormalities and symptom domains. These results may point towards the heterogeneity of movement abnormalities and symptom presentation in psychosis. The prevalence of SPs in neuroleptic naive first-episode psychosis patients ranges from 2.3 to 27%, 7 suggesting that patient populations and method of examination of movement abnormalities are important considerations. These results may also suggest an issue with power, and it will be important to see replication in a study with a considerably larger sample. In addition, recent work suggests that movement abnormalities may cluster with several nonspecific negative and motor symptoms. 34 Although outside the scope of the current study, future work should explore how SMAs cluster within symptoms domains to give a fuller picture of this complex issue.
Movement abnormalities associated with schizophrenia and Parkinson's disease have predominantly been associated with basal ganglia dysfunction. 7, [35] [36] [37] Previous work has noted that UHR individuals show putamen brain volume reduction before the onset of psychosis. 5, 38 Consistent with previous work, the UHR individuals only showed reduced volume in the putamen, suggesting that there may be specific structural differences within the motor striatum related to risk for psychosis. The finding that caudate volumes did not differ between UHR and healthy controls is consistent with other investigations. 39 The results of the striatal morphology analysis suggest that smaller volume in both putamen and caudate are related to lower VS performance. It is interesting that the caudate, usually considered to be more involved with cognitive processes related to reward and memory, 23 is involved in impaired VS. This may reflect an impairment of spatial memory processes in the UHR group. In addition, the caudate contributes to executive function through a fronto-striatal circuit with specific connectivity to the dorsolateral prefrontal cortex. 21 It is well known that UHR individuals show cognitive impairments, and future research should examine whether impairment in specific cognitive domains mediates performance on the handwriting task.
Strengths and limitation of this study
The current study holds several noteworthy strengths as well as some limitations. First, while previous studies exploring SMAs and structural MRI have included UHR samples of similar sizes, 5 limited statistical power may have hampered our ability to detect potential relationships between VS and associated brain regions within the UHR group. However, the approach to examine motor behavior, brain volumes, and symptoms across the sample is a valid strategy as the variables of interest are continuous in nature; this approach has been utilized in related high-impact investigations. 8 Second, although the inclusion of antipsychotic-free participants was an important component of the present study (given the well-documented relationship between neuroleptics and subcortical motor function 40 ), the present study only examined a proximal marker of SPs-bradykinesia. Although bradykinesia is a cardinal SP symptom, other related phenomena involving tremor, posture, and rigidity were not assessed, and may also have a role in the UHR period. Future investigations including a broader array of motor assessments for UHR participants are highly warranted. Finally, given the relationships between SPs and Abbreviations: NS, not significant; UHR, ultrahigh risk. All volumes are expressed as the percent of total intracranial volume (TICV). UHR individuals showed significant volume reduction in the ipsilateral and contralateral putamen. 95% Confidence interval (CI) expressed as lower bound, upper bound.
Spontaneous parkinsonism and ultrahigh risk psychosis DJ Dean and VA Mittal the caudate, it is possible that the present motor assessment strategy may also be drawing upon other cognitive processes. 23 Implications for Future Research, policy, and practice The current study implicates striatal abnormalities in SPs, which are thought to reflect abnormal dopaminergic processes. Innovative theories of psychosis that challenge the traditional view of the disorder being solely related to increased striatal DA suggest that there may be abnormalities in the modulation of homeostatic regulation of DA, which might help explain why movement abnormalities associated with both hyperdopaminergic (dyskinesia) and hypodopaminergic (SPs) are seen in UHR participants. 7, 9, 18, 22, 41 Future research examining these dynamic dopaminergic processes and SMAs by more direct imaging methods (e.g., resting state functional connectivity, PET) is sorely needed to understand the biological mechanisms underlying the etiology of psychosis.
Conclusions
The current study found that UHR individuals show a decreased ability to scale movement velocity during an innovative handwriting task and this movement abnormality was related to decreased striatal volume. These findings expand the current understanding of SMAs as vulnerability markers of aberrant neurodevelopment related to psychosis, and specifically highlight that SPs occur before the onset of the illness. It remains to be determined whether SPs are a part of the progression of the UHR syndrome. Future longitudinal research exploring the relationship of SPs to worsening symptoms or conversion status could bolster the notion that this subset of movement abnormalities is related to the pathophysiology of psychosis.
